Abstract
The earliest known report of a lunotriquetral (LT) ligament injury was made by Hessert, who described three patients with LT joint dislocations in 1903. Ten years later, Chaput and Vaillant published a classic example of a volar intercalated segmental instability (VISI) deformity in a radiographic study of carpal injuries. Also in 1913, von Mayersbach noted a carpal dissociation in a 72-year-old man, reporting that the cuneiform bone (i.e., triquetrum) was separated from the semilunar bone (i.e., lunate) but was not substantially changed in position. Other authors described similar carpal deformities, but it was not until 1984 that Reagan et al 1 first described the role of the LT ligament in the development of the VISI pattern.
In 1972, Linscheid et al 2 published an article that described the volar instability pattern but did not elucidate its etiology. They applied the concept of intercalated segmental instability to the carpus, utilizing the lunate position in either flexion or extension to identify the volar and dorsal patterns, respectively. The role of the scapholunate ligament in the pathomechanics of the dorsal intercalated segmental instability (DISI) deformity was well recognized, but the role of the LT ligament in some VISI deformities had not yet been elucidated. Such deformities were initially attributed to traumatic or congenital laxity of the palmar radiocarpal ligaments.
Since the 1984 report by Reagan et al, 1 other authors have further defined the role of LT ligament injury in VISI deformities. [3] [4] [5] [6] [7] Although LT ligament dissociation with attenuation of secondary ligamentous restraints results in a VISI deformity, not all VISI deformities can be attributed to LT ligament injury. Some appear to have a final common pathway but multiple mechanisms, all of which depend on LT ligament attenuation.
In describing injuries of the LT ligament, distinguishing between dynamic and static instability is imperative. Injuries with a normal appearance on conventional radiographs and dynamic instability that are present only under load or in certain positions are classified as LT tears. Fixed carpal collapse (VISI) on conventional radiographs represents static instability and is classified as LT ligament dissociation.
Anatomy
The scapholunate and LT ligaments are arguably the most important intrinsic ligaments of the carpus. The scapholunate and LT interosseous ligaments are both C-shaped, spanning the dorsal, proximal, and palmar edges of the joint surfaces. Microscopically, they have similar organization, being true ligaments in the dorsal and palmar subregions and becoming membranous in the proximal fibrocartilaginous subregion. In an elegant study of the anatomy and histology of the scapholunate ligament, Berger 8 demonstrated that its dorsal region is thickest and strongest when tested to failure and is biomechanically the most important region. In a similar study of the properties of the LT ligament, Ritt et al 4 demonstrated that the palmar region is the thickest and strongest. These findings support the Òbalanced lunateÓ concept, which holds that the lunate is torque-suspended between the scaphoid and the triquetrum, exerting a flexion moment through the scapholunate ligament and an extension moment through the LT ligament. The dorsal LT ligament region is most important as a rotational constraint, whereas the palmar region of the LT ligament is the strongest and transmits the extension moment of the triquetrum as it engages the hamate. The membranous proximal portion of the LT ligament complex is of little significance with respect to constraining rotation, translation, or distraction.
Mechanism of Injury
The exact mechanism of LT ligament injury remains controversial; it is likely that more than one mechanism plays a role. For example, perilunar dislocations occur when a force is applied to the thenar area with the wrist positioned in dorsiflexion and ulnar deviation. 9, 10 This injury pattern has been well described and results in a progressive injury pattern in a radial to ulnar direction, following either an osseous or a purely ligamentous path about the lunate. Injury to the LT support structures occurs in Mayfield stage III perilunate injury, after either scapholunate injury or scaphoid fracture. These injuries will usually result in a DISI deformity, unless the scapholunate portion heals either spontaneously or after intervention, in which case the ulnar-sided LT disorder will predominate. Some of the existing case reports of LT ligament sprains do indeed demonstrate evidence of previous perilunar injury (Fig. 1 ).
An isolated LT ligament tear may be the result of a reverse perilunate injury originating on the ulnar side of the wrist. 1 A recent biomechanical study has confirmed this mechanism, 11 which occurs by a fall on the outstretched hand positioned in pronation, extension, and radial deviation. The resultant intercarpal pronation overloads the ulnar-volar ligament structures and causes LT ligament injury without scapholunate disruption. Weber 12 has postulated that isolated LT ligament tears may occur with the wrist palmar-flexed. The dorsally applied force allows the interosseous fibers of the LT ligament to fail, sparing the palmar radiolunotriquetral ligaments. The integrity of this ligament tethers the palmar pole of the lunate, creating an axis for palmar flexion. In patients with no history of trauma, LT instability Figure 1 Images of a 48-year-old man with chronic ulnar-sided left wrist pain. A, Posteroanterior radiograph shows normal GilulaÕs arcs 1, 2, and 3. Arcs 1 and 2 are formed by the proximal and distal joint surfaces of the proximal carpal row. Arc 3 is formed by the proximal joint surface of the distal carpal row. Midcarpal arthroscopy revealed wide gaping of the scapholunate interval (B) and LT interval (C), as well as incongruity of the LT articulation, consistent with a chronic perilunate injury. In this case, the scapholunate instability was asymptomatic, and the LT disorder predominated.
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Lunate Scaphoid Triquetrum Lunate may be the result of degenerative LT lesions or inflammatory arthritis. 13 Positive ulnar variance may facilitate LT ligament degeneration by means of a wear mechanism or alteration of intercarpal kinematics. 14 
Pathomechanics
In an uninjured wrist, the scaphoid imparts a flexion moment to the proximal carpal row, while the triquetrum imparts an extension moment. These opposing moments are balanced by the ligamentous attachment to the lunate. 
Clinical Presentation and Examination
The spectrum of LT ligament injury ranges from partial tears with variable pain and weakness to complete dissociation with static collapse, causing a forklike deformity of the wrist and prominence of the distal ulna. However, some patients with radiographic evidence of persistent LT malalignment after perilunate dislocation experience minimal symptoms and will have a satisfactory outcome. Symptomatic sprains invariably present with ulnar wrist pain. 1 Symptoms are usually intermittent and are especially prominent with wrist deviation or pronationsupination. They include diminished motion, weakness, a sensation of instability or giving way, and ulnar nerve paresthesias. A painful wrist clunk with deviation is often present. 1 A history of a specific injury is usually present, 1 which may allow determination of the mechanism of injury. A history of a fall on the dorsiflexed wrist with a hypothenar contact point should increase the suspicion of ulnar-sided instability. 15 Injuries that are often classified as annoying sprains may be unrecognized LT ligament injuries.
A careful examination of the wrist is needed in the evaluation of ulnar-sided wrist pain to differentiate LT injury from other lesions. A variety of lesions may cause ulnar wrist symptoms (Table 1) . 16, 17 Examination should encompass the entire ulnar side of the wrist. Ulnar deviation with pronation and axial compression will elicit dynamic instability with a painful snap if a nondissociative midcarpal joint or LT ligament injury is present. Palpation will always demonstrate point tenderness at the LT joint. 1 A palpable wrist click with radioulnar deviation may be significant if it occurs with pain. Provocative tests that demonstrate LT laxity, crepitus, and pain are helpful in accurately localizing the site of pathologic change.
Ballottement of the triquetrum, as described by Reagan et al, 1 is performed by grasping the pisotrique- tral unit between the thumb and index finger of one hand and the lunate between the thumb and index finger of the other (Fig. 3, A  and B) . If the test is positive, pain and increased anteroposterior laxity will be noted during manipulation of the joint. The shear test is performed with the subjectÕs forearm in neutral rotation and the elbow on the examination table. The examinerÕs contralateral fingers are placed over the dorsum of the lunate. With the lunate supported, the examinerÕs ipsilateral thumb loads the pisotriquetral joint from the palmar aspect, creating a shear force at the LT joint (Fig. 3, C) . Pressure on the triquetrum in the Òulnar snuffboxÓ creates a radially directed compressive force against the triquetrum (Fig. 3, D) . Pain elicited with this maneuver may be of LT origin, but may also arise from abnormalities of the triquetrohamate joint or triangular fibrocartilage complex. 15 These tests are considered positive when pain, crepitus, and abnormal mobility of the LT joint are demonstrable.
Comparison with the contralateral wrist is essential to elicit subtle differences.
Other findings on physical examination commonly include decreased range of motion and diminished grip strength. Crepitus may be palpable with wrist deviation. A nondissociative instability pattern secondary to midcarpal laxity at the triquetrohamate joint should be ruled out, as symptoms may be very similar. The possibility of injury at both levels should be considered. 18, 19 
Diagnostic Studies
Imaging modalities useful in the evaluation of LT injuries include routine wrist radiography, motion studies, tomography, arthrography, videofluoroscopy, scintigraphy, and magnetic resonance imaging. Appropriate study selection is based on patient presentation (Fig. 4) .
The radiographic appearance of wrists with LT ligament tears is often normal (Fig. 1) . Lunotriquetral dissociation will result in disruption of the smooth arcs that are formed by the proximal and distal joint surfaces of the proximal carpal row (GilulaÕs arcs 1 and 2) and the proximal joint surfaces of the distal carpal row (GilulaÕs arc 3). The LT dissociation results in proximal translation of the triquetrum and/or LT overlap (Fig. 5) . 1, 20 Unlike scapholunate injuries, no LT gap occurs. Provocative radiographic views, including radial or ulnar deviation and clenched-fist anteroposterior views, are often helpful. In LT dissociation, the normal reciprocal motion of the scaphoid, the lunate, and the distal row is accentuated in deviation while triquetral motion is diminished. 15 This increased palmar flexion of the scaphoid and lunate in radial deviation without change of the triquetrum is a manifestation of loss of the proximalrow integrity present in the normal wrist. 1 Careful evaluation of the lunate and triquetrum on lateral radiographs may reveal malalignment in the absence of frank carpal collapse. The perimeters of the triquetrum and lunate may be traced and their relationship assessed. 1 The longitudinal axis of the triquetrum, defined as a line passing through the distal triquetral angle and bisecting the proximal articular surface, forms on average a 14-degree angle (range, +31 to Ð3 degrees) with the lunate longitudinal axis, defined as a line passing perpendicular to a line drawn from the distal dorsal and volar edges of the lunate. Lunotriquetral dissociation results in a negative angle (mean value, Ð16 degrees) (Fig. 6 ). 1 If a VISI deformity is present with LT dissociation, the scapholunate and capitolunate angles will be altered. The scapholunate angle may be diminished from its normal 47 degrees to 40 degrees or less but is often normal. 2 The lunate and capitate, which are normally colinear, will collapse in a zigzag fashion, resulting in an angle greater than 10 degrees. Arthrography can be valuable, demonstrating leakage or pooling of dye at the LT interspace. However, age-related LT membrane perforations, other communications between the radiocarpal and midcarpal joints, and asymptomatic LT tears on arthrography of normal wrists have been reported. Therefore, the results of arthrography must be correlated with clinical examination findings. A videotaped arthrogram with motion sequences in flexion-extension and radioulnar deviation can further confirm the presence of LT injury by demonstrating abnormal pooling of the dye column and abnormal proximal-row kinematics.
Videofluoroscopy is useful in demonstrating the site of a ÒclunkÓ that occurs with deviation. In LT sprains, this occurs with a sudden Òcatch-upÓ of the triquetrum into extension as the wrist moves into maximal ulnar deviation.
Technetium-99m diphosphate bone scanning can be useful in identifying the site of acute injury, but is less specific than arthrography. 20 Bone scans prove helpful when standard films and motion studies are negative. Magnetic resonance imaging technology is not yet reliable for LT ligament imaging.
Selective midcarpal injection of local anesthetic is also useful as a diagnostic tool. In our experience, resolution of pain with increased grip strength after injection has been a reliable indicator of LT injury. A poor response to injection suggests an extra-articular cause of the patientÕs symptoms.
In the evaluation of LT injuries, wrist arthroscopy is both diagnostic and therapeutic. Wrist arthroscopy provides a means of directly evaluating the integrity of the LT ligament and allows identification and treatment of any associated pathologic changes. In our experience, arthroscopy is the most accurate diagnostic modality and may replace all other studies. Carpal instability can be assessed by direct visualization and probing of the carpal articulations, and provocative maneuvers can be performed at the same time. In the uninjured wrist, the articulations of the proximal and distal rows are very intimate, with no separation between the carpal bones. However, in the injured wrist with carpal instability, these articulations are gapped or incompetent. Instability is graded with use of the Geissler classification 21 (Table 2) .
The LT ligament is best visualized from the radiocarpal arthroscopy portal between the fourth and fifth extensor compartments or from the portal radial to the sixth extensor compartment. The dorsal, volar, and membranous portions of the LT ligament must be visualized and palpated with a probe to evaluate the integrity of the ligament. Midcarpal arthroscopy is the key to assessing the stability of the LT joint (Fig. 7) . From the midcarpal perspective, the normal LT joint is smooth without a step-off or diastasis. Placement of a probe into the LT joint enables further assessment of the severity of any instability. In addition to the LT and scapholunate joints, the capitohamate articulation and the articular surfaces of the hamate, triquetrum, capitate, and lunate should also be inspected, as they may show changes due to abnormal kinematics.
Treatment
Several factors should be considered in choosing the optimal treatment for LT injuries (Fig. 4) . These include the amount of instability (static or dynamic), the elapsed time between injury and treatment (acute or chronic), and the presence of associated injury or degenerative changes. Symptoms of pain in LT ligament tears may be due to dynamic instability or local synovitis or a combination thereof.
Initial management of most acute and chronic tears without dissociation or VISI deformity should probably be nonoperative, with cast or splint immobilization. 1 Careful molding with a pad underneath the pisiform will maintain optimal alignment as healing progresses. Midcarpal corticosteroid injections can be helpful in decreasing synovitis. For acute and chronic dissociations with VISI collapse and chronic tears unresponsive to conservative management, operative treatment is indicated.
The goal of surgical intervention is the realignment of the lunocapitate axis and reestablishment of the rotational integrity of the proximal carpal row. A variety of procedures have been described, including LT arthrodesis, ligament repair, and ligament reconstruction. If concomitant negative or positive ulnar variance or midcarpal or radiocarpal arthrosis is present, additional procedures, such as ulnar lengthening or shortening, midcarpal arthrodesis, or proximal-row carpectomy, may be indicated. Total wrist arthrodesis may be appropriate if degenerative changes make other salvage procedures impossible.
Repair of the LT ligament has been described by several authors. Reagan et al 1 demonstrated good results, as did Favero et al. 22 In the latter study, only 1 of 21 ligament repairs failed, and 90% of patients were satisfied with their outcome. The LT interosseous ligament is reattached to the site of its avulsion, generally from the triquetrum. The technique is demanding, requiring use of multiple sutures passed through drill holes or suture anchors (Fig. 8) . As the strong volar ligament is also disrupted, a combined dorsalvolar approach, as well as augmentation of the repair by plication of the dorsal radiotriquetral and dorsal scaphotriquetral ligaments, may be of some value. Protracted immobilization is necessary. Patients who engage in strenuous pursuits or who have chronic instability or a poorquality LT ligament may be best treated by ligament reconstruction. Clinical evaluation was consistent with isolated LT instability, which was confirmed by arthroscopy. Significant mobility and diastasis (curved arrow) and incongruity of the midcarpal articular surfaces (solid arrows) were found on both palpation and exploration with an arthroscopic probe.
Triquetrum Lunate Probe
Ligament reconstruction with a distally based strip of extensor carpi ulnaris tendon graft is one option (Fig. 9) . Unlike scapholunate ligament reconstruction, this technique, although demanding, yielded uniformly good results in two studies. 1, 22 Unlike LT arthrodesis, reconstruction preserves LT motion and offers the greatest likelihood of restoration of normal carpal interactions.
The observation of asymptomatic congenital LT coalitions and the finding of relatively little relative motion between the lunate and the triquetrum led to the concept of LT arthrodesis (Fig. 10) . 23 Perhaps technically less demanding than ligament reconstruction or repair, LT arthrodesis has become the technique of choice of many authors. However, the method is not without substantial problems. The reported nonunion rates range from 0% to 57%. 1, 22, [24] [25] [26] [27] [28] Use of Kirschner wires has been shown to result in an unacceptably high nonunion rate of 47%. 26 Use of compression screws may improve results, but nonunion remains a significant problem. A 9% nonunion rate has been reported with the Herbert screw, and use of conventional cortical screws has been associated with nonunion rates as high as 57%. [26] [27] [28] In a comparison of outcomes an average of 6.5 years after arthrodesis, ligament repair, or reconstruction in 65 patients with LT ligament injury, Favero et al 22 demonstrated that LT arthrodesis was inferior to reconstruction or repair. Of 21 patients who underwent LT arthrodesis, 52% had persistent pain and a 31% decrease in motion from preoperative measures; 71% required further surgery; and 62% experienced significant complications. The nonunion rate was 38%. Ulnocarpal impingement necessitated additional surgery in 14% of patients who underwent LT arthrodesis; this complication was not seen with LT repair or reconstruction. In contrast, persistent pain was present in only 1 (12%) of 9 patients who underwent LT reconstruction and in only 3 (14%) of 21 patients who underwent LT repair. Motion was diminished only 11% with repair and actually increased 9% with reconstruction. All patients who underwent reconstruction returned to their previous occupations, and only 1 required subsequent surgery. The lower complication rates, higher patient satisfaction, greater range of motion, and lower rate of subsequent reoperation suggest that LT ligament repair or reconstruction should be the primary method of treatment for LT injuries that require surgical intervention.
Summary
Lunotriquetral ligament injuries are often neglected, missed, or misdiagnosed, resulting in prolonged ulnar-sided wrist pain. A careful history followed by a systematic physical examination can often identify an injury to the LT ligament. Confirmation of the diagnosis by means of radiography, arthrography, or arthroscopy is essential before initiating treatment. Although treatment of LT ligament injuries remains controversial and several surgical options are available, our preference is ligament repair or reconstruction, which has demonstrated consistently better results than arthrodesis. Although surgical repair or reconstruction is technically challenging, it preserves LT ligament motion and offers the greatest likelihood of restoration of normal carpal kinematics. 
